Assessing the impacts of climate change on water resources of the Congo River Basin (CRB) has 9 attracted widespread interest; however, efforts are hindered by the lack of long-term data availability. 10
strong in the equatorial and northern parts of the basin, but weak in the southern basin. The multi-model 20 approach reveals that near-term projections are not impacted by the emission scenarios. However, the 21 mid-term projections depend on the emission scenario. The projected increase in accessible runoff 22 (excluding flood runoff) in most parts of CRB presents new opportunities for augmenting human 23 appropriation of water resources; at the same time, the increase in quick runoff poses new challenges. In 24 the southeast, with the projected decrease, the challenge will be on managing the increasing demands 25 with limited water resources. 26
Introduction 27
Sustainable management of water resources (e.g. water for food production, reliable and safe 28 drinking water and adequate sanitation) presents immense challenges in many countries in climate change related risks associated with water resources will also increase significantly [IPCC, 37 2014] . 38
Historical, present and near-future greenhouse gas emissions in the CRB countries constitute a 39 small fraction of global emissions; however, the impacts of climate change on water resources are 40 expected to be severe due the region's heavy reliance on natural resources (e.g. agriculture and forestry) 41 [Collier et al., 2008; DeFries and Rosenzweig, 2010; Niang et al., 2014] . The limited adaptation 42 capacity in the CRB region is expected to cause severe water and food security challenges, which, in 43 turn, can lead to ecosystem degradation and increased greenhouse gas emissions [Gibbs et al., 2010 
Materials and Methods 89

The Congo River Basin
90
The Congo River Basin, with a drainage area of 3.7 million km has a bimodal rainy season [Bultot and Griffiths, 1972] . Much of the rain in the northern and southern 97 CRB is received in Jun-Jul-Aug (JJA) and Dec-Jan-Feb (DJF), respectively. The primary and secondary 98 rainy seasons in the equatorial region are Sep-Oct-Nov (SON) and Mar-Apr-May (MAM, see [Bultot 99 and Griffiths, 1972] and Supplemental Information (SI) Figure S1 ). The mean annual precipitation is 100 about 1,500 mm. Rainforests occupy nearly 45% of the basin and are minimally disturbed compared to 101 the Amazon and Southeast Asian forests. Grassland and savannah ecosystems, characterized by the 102 presence of tall grasses, closed-canopy woodlands, low-trees and shrubs, occupy another 45% [Adams 103 et al., 1996; Bartholomé and Belward, 2005; Hansen et al., 2008; Laporte et al., 1998 ]. Water bodies 104 (lakes and wetlands) occupy nearly 2% of the area, but they are concentrated mostly in the southeastern 105 and western equatorial parts of CRB (Figure 1) . 106
In order to compare regional patterns in precipitation and runoff, we divided the basin into four 107 regions: i) Northern Congo (NC), ii) Equatorial Congo (EQ), iii) Southwestern Congo (SW), and iv) 108 5, respectively. We also included wetlands and lakes as natural storage structures that regulate the 129 hydrological fluxes at different locations within CRB (Figure 1 ). Detailed information is not available 130 for the all the lakes; therefore, we incorporated the largest 16 lakes (SI Table S1 ). 131
Runoff, estimated for each HRU and aggregated at the watershed level, is generated via three Table S3 ). The asymmetric seasonality and magnitude in the rainfall regimes (see SI Figure S1 2.6% in the near-term and 2.6-5.8% in the mid-term, indicating considerable variability in rainfall 240 predictions across GCMs. The inter-model variability is larger in the mid-term, and even more so for 241 RCP85 (SI Table S4 ). Figure 6A -D shows the changes in precipitation in the near-and mid-term by the 242 MM, with indications of spatial patterns under the two emission scenarios. Although overall change in 243 the CRB is positive, the MM shows the decreasing patterns in the southern, and parts of northern CRB. 244
In general, the MM predicts decreasing precipitation in the driest parts of the southern CRB 245 (mostly in SE, but portions of SW as well). Under the RCP85 scenario, the northeastern CRB also 246 experiences reduction in precipitation in the near-term. The areas of decreased precipitation shrink in 247 the SE and SW in the mid-term; however, drying expands in parts of northern CRB under the two 248 emission scenarios (Figure 6C-D) . Most GCMs (>15) predict an increase in the NC, EQ and most of 249 SW, whereas majority of them predict a decrease in the SE. 250
We also examined the seasonal changes in the four regions (see SI Table S4 ). Except in the 251 boreal summer (JJA), precipitation in the SE region is predicted to decrease under RCP45; the change is 252 modest under RCP85. The actual increases in the north (south) during DJF (JJA) are modest (~1mm) as 253 these are the dry seasons. The inter-model variability (SI Table S4 ) also exceeds the MM in all the 254 seasonal predictions. Notably, the variability is larger in the dry seasons (e.g. DJF predictions in the NC 255 and JJA predictions in the SE and SW). The temporal variation is further examined using monthly 256 climatology in the reference and near-and mid-term projection periods in Figure 7A -D, which also 257 shows the seasonal variations in the major climate regions (e.g. the bimodal rainy season in the EQ and 258 unimodal, but asymmetric wet-dry seasons in the NC, and SW and SE). The inter-model variability is 259 larger in the rainy seasons under RCP85, compared to RCP45. Larger variability under RCP85 highlight 260 that GCMs may have limited skills in simulating precipitation under high greenhouse gas emissions. 261
The spatial pattern of runoff change in the near-and mid-terms indicated by the MM is similar 262 to the precipitation changes, except in the northeastern CRB (3N-9N and 24E-30E) under RCP45 263 ( Figure 6E-H) . The MM runoff projections show an increase of 5% (IQR 5-7%) and 7% (IQR 7-11%) 264 in the near-and mid-terms under both RCPs. A reduction in runoff occurs in the SE and parts of the SE 265 under both RCPs. The area of decreasing runoff expands in the NC under both emission scenarios in the 266 mid-term. Although northern and equatorial CRB show an overall increase in precipitation, the decrease 267 in runoff in certain parts in the NC and EQ is caused by reduction in seasonal precipitation (i.e. limited 268 The variability is larger NC and SE compared to EQ and SW during the rainy seasons. 274
Runoff in the EQ region, which receives the highest precipitation (~1,600mm/year) is projected 275 to increase between 4-7%; the increases are prominent in the secondary rainy season (MAM) than the 276 primary (SON, SI Table S5 ). However, runoff that can be appropriated for human use is generated 277 mostly in the NC, SE and SW, which at present varies from 130mm/year in SE to 250-400mm/year in 278 the NC and SW (SI Table S3 ). Runoff in the SW is projected to increase by 6% and 10% in the near-279 and mid-terms. In the NC region, runoff is projected to increase by 2-4% in the near-term and decrease 280 in the mid-term, due to seasonal decreases (JJA and SON) in parts of NC (see Figure 6E -F and SI 281 Tables S5 and S6 ). Runoff generated in populated areas in the CRB, excluding most parts of EQ, has 282 the potential to support human needs including water supply, sanitation, food production and 283 hydropower; however, only a portion of the total runoff can be sustainably harnessed. 284 Focusing on the NC, SE and SW regions, where human appropriation of runoff is expected to 308 increase, we find that the magnitude of annual projections (both precipitation and runoff) in SM are 309 twice that of MM in the northern region; and the extent of drying in the south is concentrated in the 310 southern upstream watersheds. From the viewpoint of water resources for human appropriation, the 311 changes by seasons are also important. In Figure 8 , we highlight the projections in precipitation and 312 runoff for these regions for annual and four seasons in the form of box-and-whicker plots. Both MM 313
Role of multi-model ensembles
and SM means reveal that the projections under RCP45 are slightly higher than RCP85 in NC region, 314
and not so in other regions. Projection uncertainties are the largest in the dry seasons (DJF in the NC 315 and JJA in SW and SE). Figure 8 also shows moderate increase in the SW to decrease or no-change in 316 the SE during the rainy season (DJF). Our estimates also reveal that the upstream watersheds in the SE 317 and parts of SW are projected to get drier with decreasing runoff (SI Table S6 ). 318
Only part of the runoff may be appropriated for human use. In the CRB, the accessible runoff, 319 excluding runoff associated with flood events, is nearly 70%. Overall, the MM reveals a slightly higher 320 increase in accessible runoff (5% and 7% for near-and mid-terms for both RCPs), compared to 321 quick/flood runoff (3% in the near-term and 5-7% in the mid-term); the increase in the SM are nearly 322 twice that of MM. However, increase in flood runoff is nearly twice that of accessible runoff in the NC 323 region. On the other hand, both SM and MM consistently project drying in the southeastern and 324 northeastern headwater regions (see SI Table S6) . 325
Rural population relies on runoff from the nearby streams for water supply. The impacts on rural 326 livelihoods due the changes in runoff are multifaceted. On the one hand, the increases in accessible 327 runoff enhance access to water resources; on the other hand, the increases in quick/flood runoff present 328 additional adaptation challenges. With reduced access to water resources, the impacts on rural 329 livelihoods and the environment in the SE and parts of NC will be severe. Further, we emphasize that 330 GCM-related variability in regional climate change predictions can be constrained by a subset of models 331 based on attributes that modulate large-scale circulations which, in turn affect regional climate (see 332 Knutti and Sedlacek [2013] and Masson and Knutti [2011] ). This approach is particularly useful, since 333 regions like the CRB lack observational data; however, the mechanisms that moderate the climate 334 system, particularly precipitation are fairly well understood [Hastenrath, 1984; Nicholson and Grist, 335 2003; Washington et al., 2013] . 336 
Variability in accessible flows
Conclusions 359
From the point of view of climate change adaptation related to water resources, agriculture, land 360 and ecosystem management, the challenge faced by CRB countries is recognizing the value of making 361 timely decisions in the absence of complete knowledge. To be of use to planners, the spatial and 362 temporal variability of hydro-climatic change in the CRB is presented with sufficient details. Our 363 analyses highlight that precipitation and runoff changes under business-as-usual and avoided 364 greenhouse gas emission scenarios (RCP85 vs. RCP45) are rather similar in the near-term, but deviate 365 in the mid-term, which underscores the need for rapid action on climate change adaptation. 366
Development and implementation of adaptation strategies are often connected with large investments. 367
Precipitation projections by GCMs, and subsequently runoff projections reveal considerable differences, 368 which necessitate the need for multi-model evaluations of climate change impacts. With the focus on 369 runoff -often the primary and easily accessible source of water, we show that accessible water 370 resources increases in most parts of the CRB, with the exception in the southeast and parts of northeast. 371 Comparing the MM and SM projections, the increase in runoff in the mid-term are higher under 372 RCP85 (7-14%) than RCP45 (6-10%), however, both accessible and flood runoffs are increasing. The 373 projected increases in accessible runoff present new opportunities to meet the increasing demands (e.g. 374 drinking water, food production and sanitation), while the enhanced flood runoff poses new challenges. 375
On the other hand, water managers will face different challenges in the southeast where precipitation 376 and runoff are projected to decrease. The analyses presented in our work increase the degree of 377 confidence in using the results for policy and management. 378
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